Powdered ceramic composites based on the amorphous potassium polytitanate modified in aqueous solutions of cobalt sulfate and calcined at 700 C (PPT-Co) were used as the ceramic filler of the polytetrafluorethylene-matrix composite dielectrics characterized with high permittivity and low dielectric losses. The influence of the ceramic filler content on the electrical properties of the produced composites was investigated in the range of 1-50 wt%. The obtained results were compared with the data reported in literature for other ferroelectric composites based on polytetrafluorethylene and were analyzed taking into account some theoretical models earlier proposed for the two-component systems. An influence of the temperature on the frequency dependence of permittivity at 30-150 C for the composites with different filler contents was investigated.
Introduction
Ceramic-filled polymers are widely used in different electronic devices including the systems working in the microwave region. Such composites combine unique electrical properties of ceramic materials and flexibility, chemical stability, and machinability of polymers. 1, 2 Polytetrafluorethylene (PTFE) is the most common polymer-matrix material used in the dielectric composites due to its chemical inertness and low dielectric loss tangent over a wide range of frequencies. 3 However, PTFE application is limited by low permittivity. This problem can be solved if a PTFE matrix would be filled with powdered ceramic dielectrics characterized by high value of ", i.e. BZN, TiO 2 , Sm 2 Si 2 O 7 , CaTiO 3 , etc. [4] [5] [6] [7] [8] [9] [10] [11] [12] Such composite materials showed stable permittivity of 5-13 at 1 MHz to 1 GHz.
In our previous studies, it was shown that potassium polytitanates (PPT), modified by d-metal (Me) containing salts and further calcined at high temperatures (700-950 C) allowed obtaining the ceramic composites characterized with high permittivity (up to 100) at high frequency (microwave) range, [13] [14] [15] [16] which does not concede BaTiO 3 dielectric constant. It is important that, during the thermal treatment, the amorphous particles of modified potassium polytitanates have a tendency to form multiphase and heterostructured products characterized with increased polarizability and adhesion properties. 13, 15 Furthermore, the cost of powdered PPT is significantly lower than that of the nanoscale BaTiO 3 powders of high purity, traditionally used in the manufacture of the ferroelectric materials (8-10 and 20-40 USD per kg, respectively). That is why, they have been considered as the promising materials to improve the dielectric properties of PTFE.
The Co-modified PPT has the best dielectric properties and, owing to this, the composites based on PTFE filled with this kind of nanopowder were prepared and investigated to estimate their dielectric properties and recognize the influence of the ceramic filler content on the dielectric behavior of these materials.
Experimental
The following methodology was used to prepare the polymer-matrix composites. The ceramic filler was synthesized using parent potassium polytitanate (PPT) delivered by Nanocomposite Ltd. (Russia) and produced by molten salt synthesis during the thermal treatment of raw materials mixture containing (wt%); TiO 2 (30) , KOH (20) , and KNO 3 (50) at 500 C in accordance with Sanchez-Monjaras et al. 17 The chemical composition of the applied PPT corresponded to the molar ratio of [
The PPT powder was added to the 0.01 M CoSO 4 Á7H 2 O aqueous solution and stirred for 4 h at pH ¼ 6.5 to obtain the modified product in accordance with Tretyachenko et al. 18 After washing and drying at 60 C (4 h), this product was sintered in the electric furnace at 700 C for 4 h. The conditions of this treatment were selected in accordance with Gorokhovskii et al. 14 as the optimal to produce powdered ceramic nanocomposite (CNC) characterized with the best dielectric properties in the system investigated.
The resulting ceramic powder was characterized with the chemical composition of (wt%): K 2 O (10.4), TiO 2 (81.4), CoO (8.2). X-ray diffraction pattern of this product was obtained using Thermo Scientific ARL X'TRA diffractometer, Switzerland. Particle size distributions in the obtained powder were analyzed using Analysette 22 MicroTec Plus Fritsch equipment, Italy. SEM images and chemical composition of the product were obtained by scanning electron microscopy (SEM «EXplorer» ASPEX, USA) equipped with EDS analyzer and transition electron microscopy (TEM JEOL JEM 1400, Japan).
Further, to produce precursors of the polymermatrix composites, synthesized ceramic powder was treated in the commercial 60% dispersion of PTFE sub-microscale particles immersed in the solution of telomeres (analog of the Teflon TM PTFE DISP 30) delivered by TK Isolitpostavka Ltd. (Russia). The composites were produced by mixing of the components to obtain the following contents of CNC in the dried mixture (wt%): 1, 5, 20, 40, and 50. After ultrasonic treatment for 5 min at 0.5 W/cm 2 , the obtained dispersions were dried at 300 C for 15 min. Then, these synthesized precursor materials were compressed at 10 MPa in the stainless steel forms as tablets of 12 mm in diameter and 0.5 AE 0.05 mm of thickness. Finally, the obtained specimens were additionally heat treated at 300 C for 30 min. To investigate the electrical properties of the produced composites, top and bottom surfaces of the tablets were covered by silver-containing adhesive (trademark Contactol K13).
The electrical properties of the CNC-PTFE composites were measured using the Impedance Analyzer Novocontrol Alpha AN (Germany) in the frequency range of 0.01 Hz to 1.00 MHz with voltage amplitude of 100 mV. Permittivity ("), conductivity (), and dielectric losses (tan ) were found from the experimental values of the real and imaginary parts of the impedance (Z 0 and Z 000 ) using the standard computing operations. 19, 20 The data on the temperature dependences of permittivity for the CNC-PTFE composite materials were obtained in the range of C. The temperature coefficients of permittivity were calculated to be in the range of C at 1, 10, 100, and 1000 kHz.
Theoretical modeling
The most commonly used and simple equation for theoretical estimation of the dielectric constant (permittivity) for two-component composites is reported in Rao et al.
where " c is the permittivity of composite; " 1 , " 2 are the permittivities of the functional filler and polymer; and 1 , 2 are the contents of the filler and polymer in the composites (in vol.%), respectively. Thus, " depends on the dielectric properties of the components and their weight or volume ratio; besides, homogeneous structure of the polymer-matrix composites is important.
Nevertheless, permittivity can be calculated using some other relationships. For example, some equations mentioned below and corresponding to Lichtenecker's logarithmic model 22 (equation (2)), Lichtenecker's model operating with a fitting factor k 23 (equation (3)), Jayasundere-Smith's 24 (equation (4)) and Maxwell Garnett's 25 (equation (5)) models, and the effective medium theory model (EMT) 26 (equation (6)), can be used.
In the Lichtenecker's model applied for homogeneously dispersed ceramic-polymer composites k ¼ 0.3.
21
A filler shape factor n in the EMT model obviously is estimated as equal to 0.15.
Results and discussion
The XRD pattern of the ceramic nanocompoite powder based on thermally treated (700 C) Co-modified potassium polytitanate, is reported in Figure 1 . The obtained ceramic powder has polycrystalline structure with four phases, namely: TiO 2 (rutile and anatase forms), hollandite-like potassium titanium oxide KTi 8 O 16.5 , and cobalt titanium oxide CoTiO 3 .
The particle size distributions for PTFE and CNC powders are reported in Figure 2 . The particle size distribution in the PTFE dispersion ranges from 0.1 to 1.0 mm (average size of 190 nm). Ceramic filler consists of nano-and micro-sized particles as well as agglomerates with average size of about 20 mm.
SEM images of PTFE, TEM image of the ceramic nanocomposites, and SEM images of the PTFE-CNC composites (20 wt% loading of the filler) thermally treated at 300 C are reported in Figure 3 . In accordance with the data of Figures 1 and 3 29 The treatment of the ceramic composite particles in the applied polymer dispersion with following drying at 300 C allows obtaining the system consisting of these particles completely coated with PTFE. The agglomerated particles of the ceramic nanocomposites are uniformly dispersed in the polymer matrix and compressing of this powder with following additional thermal treatment at 300 C enables to get a polymermatrix composite with high level of structural homogeneity ( Figure 4) .
It is important to note that usually a surface of powdered fillers preliminary is treated to enhance the adhesion contact between polymer matrix and ceramic dielectric. 30, 31 In our case, the filler consists of heterostructured and nano(micro)-composite agglomerates formed by small particles of different structures and chemical compositions, which promote enhanced adhesion contact in the system of PTFE filler. This fact and the following thermal treatment accompanying with crystallization processes support increased polarizability of well-developed and diversiform polymerfiller interface. Experimental (apparent) density of the composites (d exp ) was measured using Archimedes' method.
Theoretical density (d theor ) was calculated as
where d f is the density of the filler (3.2 g/cm 3 ), d m is the density of the polymer matrix (2.2 g/cm 3 ), and V is the volume fraction of the filler. The data on apparent (experimental) and theoretical density of the CNC-PTFE composites with different filler contents are reported in Figure 5 . Both kinds of density (apparent and theoretical) are proportional to [CNC] but increased volume fraction of the ceramic dielectric promotes increased difference of f and m . The last, probably, is related to the trend of agglomeration of the ceramic filler particles accompanying reduced content of polymer in the composites. 32, 33 This phenomenon supports the increased porosity of the filler because not all the surface area of agglomerated particles has a contact with the polymer matrix.
Values of the apparent and theoretical densities (d exp and d theor , respectively) allows obtaining the data on porosity of these materials (P)
In accordance with the obtained results ( Figure 5 ), an increase in the filler content promotes increased porosity of the composites investigated. Figure 6 (a) represents the influence of CNC content on the permittivity of the PTFE-matrix composites measured by impedance spectrometry. The values of permittivity for pure PTFE as well as the composites with 1 and 5 wt% of the filler have a very weak dependence on frequency in the range of 10 À2 -10 6 Hz, whereas the composites containing 20, 40, and 50 wt% of the ceramic filler only are characterized with stable values of " in the range of 10 2 -10 6 Hz. Further decreasing of the frequency promotes significant increase in the dielectric constant, which is typical for the CNC filler [12] [13] [14] and caused by growth of the interfacial polarization on the border between electrode and solid state electrolyte. 20, 34 The influence of CNC content on conductivity and permittivity are reported in Figure 6 (b) and (c). For all the investigated composites, the dependence of the conductivity on the frequency has a linear character, excepting the composites with [CNC] > 20 wt%, in which the -f curves have nonlinear region at low frequencies. These results are traditional and correspond to well-known equation s ac & AÁ! s , 35 which describes the mechanism of displacement of charges by hopping, and where A is the constant, o the angular frequency (o ¼ 2Áf), and s the characteristic parameter (close to 1 in this case).
It is known that the interfacial polarization occurs at f < 10 2 and increases with a filler content, whereas dipole and domain polarization processes take place in the range of 10 2 -10 6 Hz. 34, 36 Therefore, in our composites, dielectric losses decrease with increasing of frequency, apparently due to the presence of several polarization mechanisms in the studied system.
At small filler contents (1-5 wt%) dielectric losses are practically independent of [CNC] whereas, increased loading of the ceramic filler (20-50 wt%) promotes increase in the tan values.
The dependences of dielectric constant (") and tan on [CNC] measured at 30 C and f ¼ 1 MHz for different CNC-PTFE composites are reported in Figure 7 . The content of the filler in volume fraction was estimated taking into account the data on density of the CNC (3.2 g/cm 3 ) and PTFE (2.2 g/cm 3 ). In accordance with the obtained data, dielectric constant increases with increasing the filler content from 3.0 (at 1 wt%) to 7.5 at (50 wt%). Such results attribute to high permittivity of the ceramic nanocomposite based on Co-modified potassium polytitanate (" 1 ¼ 93) 37, 38 in comparison with the PTFE (" 2 ¼ 2.1).
Similar character of the tan -[CNC] and P -[CNC] dependences indicates that increased porosity of the composites promotes increased dielectric losses.
The obtained experimental values of permittivity were also compared with the data, calculated using different theoretical models (section ''Theoretical modeling''). These data indicate that in the range of [CNC] ¼ 10-50 wt% a character of the " -[CNC] dependence well corresponds to the Lichtenecker's model, 21 while at low contents of the filler ([CNC] < 10 wt%) the considered theoretical models cannot describe the obtained experimental results. Taking into account the calculations made using the Lichtenecker's model with k ¼ 0.3 (homogeneously dispersed structure of the composite), it is possible to assume that a value of this coefficient has to be varied dependently of the filler contents; and in the systems with [CNC] < 10 wt% there is a problem of homogenizing.
The obtained experimental data on permittivity of the CNC-PTFE composites also have been compared with the results reported in the literature for the PTFEmatrix composites filled with different ceramic dielectrics containing 50 wt% of the filler (Table 1) .
A value of dielectric constant for the CNC-PTFE system containing 40-50 wt% of the filler at 1 MHz (" ¼ 6.8-7.5) is higher than that mentioned for the rutile containing PTFE-matrix composites (" ¼ 6.3) and significantly (1.4-1.5 times) higher of the same parameter obtained for other considered kinds of the PTFE-matrix composites.
However, dielectric losses tangent for the investigated system is higher than the tan value obtained for the rutile-containing PTFE-based composites (0.0031-0.0055 and 0.0017, respectively). At the same time, the dielectric losses measured for the CNC-PTFE composites are similar to the data indicated for the systems of TeO 2 -PTFE and Mg 2 SiO 4 -PTFE (0.0025-0.0080), while their permittivity values are much less. Nevertheless, the CNC-PTFE composites containing 40 wt% of PPT-Co powder also is looking as a promising dielectric material due to relatively high permittivity Composite dielectrics used in the manufacture of the electronic devices have to be characterized with relatively weak temperature dependence of dielectric properties; that is why, the temperature coefficient of permittivity for all the investigated systems was analyzed. Figure 8 presents the data on frequency dependence of the dielectric constant for the CNC-PTFE composites measured at different temperatures in the range of Q. A value of the temperature coefficient of permittivity for the investigated composites ( "r ) was calculated using the following equation
where " 30 is the dielectric constant at 30 C and D" is the shift of the dielectric constant in the temperature range of DT ( C). The obtained values of the temperature coefficients are reported in Table 2 .
At relatively low contents of the filler (C 10 wt%), an increase in the CNC concentration (C) promotes increased values of the temperature coefficient of permittivity, probably due to the increased surface area of the CNC-PTFE contact and interface polarization as well. In these conditions, particles of the filler are insulated by the polymer matrix and the obtained composites have low porosity. However, the composites containing 20 wt% of the filler are characterized with drastically reduced "r value. It can be assumed that this phenomenon is related to the effect of percolation. 34 An increase in [CNC] by up to 20 wt% promotes obtaining the composites, in which some particles of the filler have direct contact. This structural transformation reduces a value of the CNC-PTFE interface. As a result, after reaching the percolation threshold, an increase of the temperature leads to an increase in the charge carriers mobility in the agglomerated CNC particles causing reduced growth of the permittivity with increased [CNC] . The following growth of [CNC] supports increased values of permittivity as well as an increase in "r .
Thus, the investigated composites can be considered as the promising dielectric materials for the range of MHz frequencies due to high permittivity as well as relatively low and acceptable dielectric losses. It is important that production of such materials do not include complicated technological operations related to the surface modification of the particles of the filler. Therefore, the polymer-matrix composites of the system investigated in this article can be applied in the manufacture of the capacitors for electrical circuits included in blocking capacitors.
Conclusion
Ceramic nanocomposites based on the powdered potassium polytitanate modified by cobalt sulfate and calcined at 700 C, was used as a filler to improve the dielectric properties of PTFE. The polymer-matrix composites was produced by soaking of powdered ceramic filler in the dispersion of nanoscale PTFE particles, and stirring and drying the obtained mixture at 300 C. The obtained product consisting of CNC agglomerates (average size of about 4 mm) coated by PTFE nanoparticles allowed obtaining the composites containing 1, 5, 20, 40, and 50 wt% of CNC and characterized with homogeneous distribution of the filler in the polymer matrix.
Investigation of the electric properties of the produced composite materials carried out using impedance spectroscopy have shown that the permittivity as the dielectric losses of the composites increased with [CNC] (C, wt%). The materials containing 40-50 wt% of CNC at 1 MHz had optimal combination of the dielectric properties (" ¼ 6.8-7.5), which were superior of those mentioned in the literature for other kinds of ceramic dielectric-PTFE composites. It was determined that the "-C dependence for the composites of the investigated system at low and high loading of the CNC filler could be described with different theoretical models (by Lichtenecker's and EMT theory, respectively).
A gradual increase of the [CNC] in the investigated composites promotes peculiar temperature dependence of their electrical properties due to the agglomeration of the PPT-Co particles reducing specific CNC-PTFE interface and general surface polarizability.
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